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Abstract

The damage thresholds of eight, multiple layer dielectric, 95 percent
reflecting mirrors have been measured for single pulses of 20 nsec and 20 psec
duration. In both sets of mcasurements the pulse energy, an oscilloscope trace
of the pulse, and the beam's transverse energy density profile at the surface
being damaged are recorded for cach shot. The varfation of the threshold from
mirror to mirror and as a function of pulse duration, beam radius, and appear-
ance under microscopic examination is discussed in the context of possible
damage mechanisms.
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Technical Report Summary

Purpose of Project

The purpose of this research is to gain an understanding of the processes by
which laser radiation causes damage to nominally transparent materials,
especially those used in the laser themselves.

Equipment Development

This project began against a background of confusing and contradictory
information concerning laser induced damage to transparent dielectrics.
Experimental results of different workers were difficult, often impossible, to
compare, and the connection between theoretical and experimental results was
tenuous at hest. Having concliuded that lack of appreciation for the complexity of
the problem had led to inadequate experimental control and monitoring in earlier
work, we undertook the task of designing, huilding, and testing a ruby laser
damage test facility capable of obtaining experimental data under carefully con-
trolled and fully monitored conditions. A detailed description of this facility was
given in a previous report (Tech. Report No. 1). The present report describes
the first experiments conducted with the facility.
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Laser Induced Damage to Mirrors
at Two Pulse Durations*

Technical Repors No, 2
Period 31 December 1971 10 30 June 1972

. INTHODVCTION

For sev:ral years an effort has been underway at the Air Force Cambridge
Research Laboratorics to perfect a mode-locked ruby laser system capable of
reliably producing singic subnanosecond puises with a smooth and radially syme
metric energy denslty profile and enough energy to damage dielcctric materials
with spot sizes larger than 0.1 inm. Such a system is now in usc and 's described
in detall (n carlier publications (Biiss and ?..Jam, 1072; Milam, 1971). To
complement the mode-locked aystem and o facilitate experimental identification
of the laser-induccd-damage mechanlams by determination of thelr pulese duration
dependence (Bliss, 1070), a standard Q-awitched ruby laser syciem has also been
constructed which mects the same rellability, radial energy dtatritation, and
toul enc. gy requirements and operates In a single longitudiral mods as well.
Figure { conains block diagrams of both systems. This report describes haoer
induced damage measurementa performed on nine commercially produced (Seleetric
mirrors using these two lascra.

(Received for publication 25 July 1872)

* This resenrch sae supported Jointly by the Air Force and the Adeanted
Research Projects Agency of the Department of Defense.
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2. LASER DAMAGE NOMTORING APPARATUS

Meaningful laser-induced-damage experiments demand precise character-
ieation of the lager pulse causing the damage. Accordingly, each pulse is
acrulinized in unprecedented detall.

2.1 QSuitched Syatrm Wonitoring

Figure 2 is a schematic diagram of the monitoring apparatus for experiments
using Q-switched pul=~s. Thc beam enters from the left and passes through two
beam splitters. The first one deflects a portion of the beam to a fast diode which
drives a Tektronix 474 oscilloscope and provides a filmed record Jof the temporal
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Figure 2. Monitoring Apparatus for Damage Experiments with Q-Switched
Pulscs

-




i
1

! .
development of each pulse. The second beam splitter directs 2 known fraction of!

the beam to an EG&G radiometer, which is used to determine the energy of each

: i

pulse.
The beam then passes through a'50-cm focal-length lens'and, except for a
small portion, is focused onto the damage sample. When the test sample isa hlgh
reflectivity mirror, the path shown beyond the sample is not used, and the mlfror
is tipped very slightly to avoid 'direct reﬂectlops back to the amplifier. The small
reference beam, which is split off after the focusing lens, is identical to the damaging
beam except for its energy'content and it can be utilized for monitoring the focused
radial energy distribution as follows: A calibrated reticle is inserted in the refer-
ence beam in the plane correspondmg to the mirror surface in the main beam., An '
imaging lens is then placed such that the reticle is unalged onto the f11m in the
multiple-exposure level camera (Burnham, 1970). For ruby lasers Polaroid film
Type 55 is ideal since it provides a positive for visual examination and a negative
for densitometer analysis. The magnification of the imaging system is determined
by photographing the reticle with 0. 69 um light. Then the reticle is ,removed and
the camera now records the radial energy density profile of each pulse in the '
damage plane. Examples of such photographs will be discussed in Section 3. 1.2.
i

2.2 Mode-Locked System Monitoring \
1

Figure 3 is a schematic diagrém of the rhonitorin_g apparatus for experiments
using mode-locked pulses (Bliss and Milam, 1972). The principal features are
the same as for the Q-switch p{llse monitoring system, but there are some dif-
ferencee. The focusing is done by a lens pair whose effective focal length can be |
varied by changmg the lens spacing (an effective focal length of approxlmately 1 m
was used for all the measurements reported in thig paper). Both an EG&G radio-
meter and a Quantronix 500/504 ca.lorilmeter/energy-metger are used for éncrg_y
measurerent, Although the calorimeter is plocked when a hilgh reflectivity
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Figure 3. Monitoring Apparatus for Dé.ma.ge Experiments with Subnanoqeco‘n'd
Pulses . : .



mirror is used for a sample, it is used as an occasional check on the radiometer

along several paths simultaneously. A small portion of the oscillator output is
picked off at th-~ ptlse selector (Bliss and Milam, 1972) and enters the diode along
the dotted pa:h in Figure 3. One percent of the amplified selected pulse ig split off
just ahead of the focusing optics and directed onto the diode with a delay appropriate
to display it between pulses in the oscillator's mode-locked train. The remaining
path to the diode is for monitoring the pulse after passage through a transparent
damage sample and is not used for mirror studies.

The radial energy distribution in the damage plane ig imaged into the multiple

to be well removed from the sample area ang gives more flexibility for imaging
different planes and changing magnification. As in the Q-switched monitoring
system the energy density profile in the main beam is not monitored for mirror

3. ouTPUT PROPERTIES OF THE LASERS

3.1 Q-Switched System
3.1.1 TEMPORAL PROFILE

guarantee that the temporal development of the pulse is the same over the whole
beam (DeShazer and Parks, 1971). In order to determine whether deviationg from
ideal temporal behavior off the beam axis might be relateq to deviations from the
ideal radial energy distribution, a Sequence of shots was fireq in which the output
mirror of the Q-switched oscillator was rotated by 4 sec of arc about the vertical
axis after each shot. After appropriate attenuation the oscil'ator output wag
directed into the multiple €Xposure-level camera without focusing, and each shot
was photographed in turn, Figure 4a shows the results.

temporal profile is found to be considerably different from that on axig. If the
process is now repeated for mirror rotationg about the horizontal axis, however,



Figure 4. (a) Multiple Exposure-Level Photographs of the Oscillator Output
for a Range of Mirror Rotations About the Vertical Axis. The output mirror
was rotated by 4 sec of arc between successive exposures. (b) Temporal
profile detected through a pinhole on axis (right) and through a vertical dis-
placed pinhole (left) for the shot producing thc fifth exposure from the right
in (a)

® 0 % % vV 900 50
00000000000 o

Figurc 5. (a) Multiple Exposure-Level Photographs of the Oscillator Output
for a Range of Mirror Rotations About the Hlorizontal Axis The output mirror
was rotated by 4 sec of arc between successive exposures. (b) Temporal
profile detected through a pinhole on axis (right) and a vertically displaced
pinhole (left) for the shot producing the far right expost re in (a)

—



with 4-gec rotations being made until the spat 18 no longer elongated but round
as for the far right mirror positi:n of Figure 5a, then the same temporal profile
is found at both pinholes.

We conclude that a genuinely round output from the Q-switched oscillator
implies uniform temporal behavior over the whole beam. Typically the prepara-
tions for a series of damage tests included an examinattoun of the oscillator output,
but it was not always done with the thoroughness demonatrated in Figures 4 and §.
Consequently, it is quite possible that some of the measurements to be described
in Sections 4 and § were performed with pulses whise off-axis temporal behavior
wasg less than ideal. The effect of small temporal deviations ofi-axis on the
results of our damage tests {s assumed to be negligible.

In Figure 6 the spacially integrated temporal pulse profile, as recorded by
the monitoring apparatus in Figure 2, has been compared for three randomly
selected pulses out of a series of some 220 shots. Pulse No. 217 is indicated by
a solid curve and points, measured from the scope traces of shots 11 (O) and
89 (O), are plotted on a norinalized scale which forces the pulses to coincide at
their peak power points. The fact that all three pulses fall on essentially the same
curve demonstrates the high degree of repcatability obtained in the temporal shape
of the pulse.

3.1.2 SPACIAL PROFILE

Figure 7a shows two examples of the Q-switched pulse's radial energy dis-
tribution in the damage plane as photographed by the imaging system described
in Section 2. 1. Each pulse produces a horizontal line of spots in which adjacent
exposures differ by a factor of two. The microdensitometer traces of thre . con-
secutive shots shown in Figure 7b verify the impression, gained by visual examina-
tion of the photographs, that the energy density varies smoothly with radius.
Furthermore, we have determined by ccustructing energy density rudius curs es
from the densitometer traces (Winer, 1966) that the radial dependence of the
energy distribution {8 Gaussian.

3.2 Mode-Locked System
3.2.1 TEMPORAL CUHARACTERISTICS

The mode-locied oscillator produces a train of short pulses scparated by
approximately 7 nsec, f~om which a single pulse is selected for amplification.
In Figure 8 oscilloscope traces of four consecutive shots show the mode-locked
train with the selected pulse missing and the amplified selected pulse displayed
between the first two recorded pulses of the train. The extra little bump appear-
ing just before the amplifier pulse in the bottom three traces is a stray reflection
onto the diode and may be ignored.



L

111 g

[
«
¥

[ |
t
-
-
h)
¥

i

¥
L
(] L] - L] - -
Ll Y

Figire 6. Spacially Integrated Temporal Profile of Three Q-Switched
Pulses from a Seris - of 220 Shots: (O) Shot 11, {O) Shot 89,
( - )Shot 217
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Figure 7. (@) Multiple Exposure-Level Photographs Showing the Radial Energy
Distri',ution in the Damage Plane for Two Q-Switched Pulses. The dimension of
the reale marker s 100 um. (b)) Microdensitometer traces of multiple exposure-
level photographs for three consecutive Q-switched pulses. Adjacent exposures
on cach trace differ by a factor of two




Figure 8. Oscilloscope Traces for Four Consecutive Firings of the
Mode-Locked Ruby Laser. The selected pulse is inissing from the
train just 1o the right of the center, and after amplification it is dis-
played between two early pulses of the train at the left

Figure 9. (a) Maltiple Exposure-level Photographs Showing the Radial
Enecrgy istribution in the Damage Plane for Three 20-psec Pulses.
The dimension of the scaie marker is | mm. {b) Microdensitometer
traces of multiple exposurc-level photographs for three consecutive

20 -psec pulses.  Adjacent exposures on cach trace differ by a factor of
1. 8%



The duration of the mode-locked pulses generated by the oscillator hag been
estimated from time-integrated two-<photon fluorescence photc graphs to be ap-
proximately 20 psec. To check for the possibility that the pulse duration changes
during amplification or that pulses from different parts of the pulse tra{n have dif-
ferent durations, two-photon measurements of single amnlifier pulses are planned,
but have not yet been accomplished. Even without such measuremnents, however,
{t is known from the impulse response of the diode-oscilloscope combination that
the pulse duration of the amplified pulaes is less than 100 psec. For the case of
pulses selected from properly locked trains, the amplified pulse clways gives the
same impulse shape scope response as the oscillator output,.

3.2.2 SPACIAL PROFILE

The examples of focused radial energy density profiles for single mode-locked
pulses shown in Figure 9 are similar to those shown for Q-switched pulses in
Figure 7. Since the pronounced spike appearing on the left side of the first exposure
in the bottom trace does not appear in the adjacent exposure, it is not an intensity
spike in the beam and must be identificd as a spot or a scratch on the film. Con-
struction of energy density radius curves from these densitometer traces reveals
some simall departures from a true Gaugsian profile. The errors in dar;age
threshold resulting from treating the profile as Gavssian are small, however,
compared with the uncertainty aiready existing in total energy measurement,

4. MIRROR DAMAGE EXPERIMENTS
Using the lasers and monitoring techniques described above, experiments

have been conducted on nine mirrors from five manufa~turers. Basic information
about the mirrors is given in Table 1.

Table 1. Mirrors Used for Damage Tests

Coating No. of Reflectivity Density of
Designation| Composition Layers (%) Scattering
. Centers ]
A-1 Tt02/S102 9 94.3 Moderate
A-4 TlOg/SlOz 7 92.5 Low
A-6 TiO2/Si02 1 92.5 Low
C-1 Ti02/Si04 9 94.3 Low
D-1 TiOz/Si02 18 96.8 Low
C-4 Zr0/S104 13 95.6 High
Cc-7 Zr0O,/Si04 13 96.0 Low
E-1 Zr0,/Si0; 25 95.17 tigh
B-1 ZnSJThF 21 96. 2 Maoderate
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4.1 Observabls Features of the Damage Sites

When viewed under an optical mieroscope at a magnification of thirty, the
m™ost frequently observed form of damage hag the appearance of one or more
bright rings having the same shape as the beam's radial energy density profile.
Sometimes one or more r-ndomly located bright spots are observed within this
overall pattern. Examination of such sites ina scanning electron microscope
reveals considerably more detail. In Figures 10 and 11 the ring appearance is
seen to be eaused by a step inside of which one or r-ore of the quarter-wave layers
have been removed. Since the sample is viewed from an angle in a scanning
electron niieroscope, the round damage site appears to be compressed along the
vertical axis. Figure 12 is a close-up view of the bright spct seen below and to
the left of eenter ir. Figure 10. Since the position of this spot does not correspond
to the position of maximum intensity in the beam, it is probably the result of a
local ubsorbing eenter or other small scale mirror defeet.

The photographs just described show damage sites caused by Q-swi‘*ched
pulses, but the physical charaeteristics of siteg damaged by single mode-loeked
pulees are similar. In Figures 13, 14, and 15, for example, the scme overall
pattern of well-defined rings with a randomly located little crater is observed.

In Figures 16 and 17 a tendency toward snialler damage sites and removal oi fewer
layers is observed for less energetic pulses. Figure 16 also illustrates the fact
that the transition from one layer to the next is not always a well-defined step.
Since the energy density profile of this pulse in the plane of the mirror is observed
to be a smooth function of radius on the multiple exposure-level photograph taken
during the experiment, the irregular pattern of material removal in the central
region of this site suggests a degree of inhomogeneity in the coating itself.

In contrast to the damage site characteristies acscribed above, the affected
areas on some mirrors appear under the optical mieroscope to be made up of a
large number of closely packed scattering sites. Two examples of this type of
damage are given in the lower right portion of Figure 18. This mirror (E-1) has
a generally high density of scattering centers even in areas not exposed to laser
radiation, but it is not yet established whether they contribute to the characteristics
of the damage sites themselves. The sites Just described are produced by 20-psee
pulses and the ring type sites on the same mirror in the upper half of the figure
are produced by 20~ ngee pulses. For mirror B-1 just the opposite is found:

20 psee pulres produce rings and 20-nsec pulses produce scattering centers.
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Figure 10. Scanning Electron Microscope (SEM) Photograph
of a Damage Site Produced by a Q-Switched Pulse. The site
dimension is 250 um from left to right

Figure 11. SEM Photograph of the Edge of « Damag. Site.
The entire photo is 57 um wide

11
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Figure 12. SEM Photograph of the Bright Spot Seen Below ard to
the Left of Center in Figure 10. The width of the photo is 11 um

Figure 13. SEM Photograph of a Damage Site Produced by a
20-psec Pulse. The width of the photo is 436 um



Figure 14. SEM Photograph of the Steps Seen in Figure 13. The
width of the photo is 180 um

Figure 15. SEM Photograph of the Bright Spot to the Right of
Center ir Figure 13. The width of the photo is 18 um

13
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Figure 16. SEM Photograph of a Site Damaged by a Less Energetic
20-psec Pulse. An irregular pattern of material removal is
evident in the central portion. The width of the photo is 456 um

Figure 17. SEM Photograph of a Damage Site Produced by a
20-psec Pulse Having an Energy Density only Slightly Above
Threshold. The width of the photo is 98 um
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Figure 18. Optical Microscope Photograph of Scattering Site Type of
Damage (lower row) Caused by 20-psec Pulse on Mirror E-1, for
Which Q-Switched Pulses Produced Mostly Ring Type Damage (upper
row). The spacing between the two sites in the right side of the lower
row is 1 mm

1.2 Fogging Effects

Even when examination under the optical microscope reveals no obvious
damage on a mirror, fogging the coating with one's breath often reveals clear
evidence that the radiation has alter d the surface in some way. The microscope
photos (a) and (b) in Figure 19 {llu. .ate this point. A striking feature of this
effect i3 that an arca much larger than the otherwise detectable damage region s
affected. In (c) and (d) of Figure 19, for example, a region many times larger
than the beam itself has different fogging properties. To some extent the effect
is temporary as cvidenced by the difference in appearance of the 20-hour old
gites and the 1-hour old sites.
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Figure 19, Optical Microscope Photographs of (a) a Damaged Unfogpged Mirror,
(b) the Same Mirvor After IFogging with Breath, (c) and (d) Higher Magnification
View of Some Sites Which Were Damaged Twenty [ours Before the Fogged
Photograph and One Hour Before the Photograph Respectively



4.3 Data Reduction : ]

|
density and the reproducibility of the temporal pulse shape, ’i‘hese two important
properties are alsc checked éualitatively for each shot by visual examination of
the .nonitoring photographs. Any shots :showing irregularities of either temporal

maining shot and combined with the plise 'ener"gy measurement to give a value of
energy density on axis for each pulse. As will be shown, the diameter of each
damage sgite is also of interest, and it is measured from optical microscope photo-
graphs of the damaged coatings. -

Data reduction for the mode-locked pulse experimentas, particularly thé deter~
mination of pulse energy, is not quite so straightforward. Complications arise
because of the limitations placed or cnergy measuring devices at thig pulse dura-!
tion. The calorimeter,' for example, reads 100 mJ full scale on the most sensitive
scale and its thermal sensitivity of 3J/9C makes compens?tion for ambient
temperature changes very difficult, Ttis leads to background variations which |
in the worst cases are on the order of the several millijoule pulse energies being
measured., The radiometer, which monitors a small i’racti‘on of the pul‘se enérgy
on each shot, must also be used on its riost sensitive scale (0. 35 mJ tull scale)

the photndiode, invalidating its calibration.

To circumvent these difficulties a series of shots is fired with no sample in
place so that simultaneous talorimeter and radiometer readings as well as 519
Scope traces arc obtained. In a plot of caloriméter readings vs radiometer read-
ings, the noise in both energy detectors sca:tters the ;!)oints about a best strajght'
line relating the absolute calibration of the two devices. It ig found that the radio-
meter px"edicts 1.18 times ‘the énergy arriving at the sample location as that
predicted by the calorimeter. Since neither measurement ig known to be lintrinsicall;
more accurate than the othet, the &vera'ge of 0. 924 times the 'radiometer reading is
taken as the energy of a given pulge. Plotting the radiometer reading vs the height
of the amplified pulse in the 519 8cope trace provides a similar calibration curve
of pulse energy vs 519 pulse height. The noise on the lscope trace is typilcally
much less than the noise on the radiometer; so the pulse height on the 519 scope
makes a more consistent indicator of amplified pulse energy and when calibrated
as described above, it ig used as the primary energy rneasuring instrument.
Radiometer readings are still taken throughoyt the run, however, to provide a
constant check on the calib'ratic;n curve, ! !
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An obvious difference between the Q-switched and mode-locked damage
measurements is that no detailed analysis can be made of the temporal profile of
the 20-psec pulse. Any pulses longer than about 100 psec can be rejected on the
basis of the 519 trace, however, as can shots giving a double pulse or a poorly
locked train.

4.4 Variation of Damage Site Diameter with Energy Density

‘A convenient way to display the mirror damage data is on a plot of damage site
diaineter vs the pulse energy density on axis. Figure 20 shows such a plot for the
Q-switch pulse "amage tests on mirror A-4. For low enough energy densities no
evidence of damage is found (O). For energy densities above 30 or 35 J/cm?2 some
randomly located small scattering centers are created, but there is no well-defined
pattern to which a diameter can be assigned (4). Finally, for energy densities
above about 45 J/cm2 well-defined damage sites develop with diameters that are
larger for more energetic pulses.

'From such data two kinds of thresholds can be defined, the "practical damage
threshold" below which no damage is caused by a single shot and a higher idealized
threshold, a "perfect coating threshold", below which damage seems to be associated
with local flaws of some sort rather than w’th inherent coating limitations. In
Figure 20 the curve through the data is drawn to intersect the density axis ata
point corresponding to the practical threshold. A curve drawn through the perfect
coating threshold would intersect the axis at about 45 J/cm2 and rise more steeply
to pass through the remairing data points.

. The simplest assumption, which predicts an increase of site diameter with
energy density on axis, is that a coating damages only out to the radius at which
the energy density drops below some critical value. The Gaussian energy distri-
bution function can be solved for the diameter at which a given critical energy
derisity is reached as a function of the on-axis energy density. The resulting curve
i8 included in Figure 20 for a threshold value of 30 J,’cmz. This curve does pass
through two of the measurable - site data points but falls well below the data at
higher energies. A similar curve for a threshold of 45 J/c:m2 would completely
miss the data.

Plots of measured site diameter vs Q-switched on-axis energy density for six
of the nine mirrors are shown (without data points) in Figure 21. The curves are
drawn to cross the axis at the practical damage threshold, and in general the per-
fect coating threshold is higher as seen in Table 2. All of these curves show damage
-sites that are larger at high energy than predicted by the simple constant-energy
density assumption discussed above.
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Table 2. Measured Threshold Values

Mirror Threshold at 20 puc(‘) Threshold at 23 naeeo’)
Practical Perfect coating
J/cm2 on axis J/em? on axts J/c:m2 on axis
A-1 1.6 43 46
h=-4 2.2 30 46
A-8 - . 26
C-1 1.8 40 30
D-1 1.6 33 38
C-4 1.9 23 31
C-7 1.8 58 60
E-1 2.0 47 47
B-1 I 0.6 18 24

(a) For the mode-locked pulse the beam diameter at haif the on-axis
energy density i{s 197 um,

(b) For the Q-switched pulse the beain dlameter at half the on-axis
energy density {s 130 um,

Plotting the data from damage tests with single mode-locked pulses gives
similar curves. There are some notable differerces, however. First, all of the
detected damage sites have measurable diameters, eliminating the distinction
between the two threshold definitione discussed above. Second, a sharp rise
in the curve immediately above threshold is clearly established by the data for
most of the mirrors. Finally, for all but two of the mirrors, the damage sites
arc amaller at high energy than predicted by the constant energy density assump-
tion. These differences are evident in Figure 22,

Plots of measured site diameter vs the on-axis energy density of the 20 psec
pulse for seven of the miriors are shown (without data points) in Figure 23,
Mirrors B-1 and C-7 are exceptions !n that they do fit a constant erergy density
curve quite well. Table 2 summarizes the results.

1.5 Dependence of Dumagr Threshold on Beam {liameter

To determine whether the observed damage threshold for 20-psec pulses
measured with a 107-uin beam diameter can be meaningfully compared with the
threshold for 23-nsec pulses measurcd with a 130-um beam diameter, it {» neces-
sary to perform damage tests over a range of beam diameters at a fixed pulse
duration. The results of such an investigation for mirror A-6 with 23-nscc
pulses are shown in Figure 24. As in Figure 20 two kinds of thresholds are
evident, at least for the large diameter beams, and so two curves are drawn,
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Figure 25. Single Pulse Damage Threshold vs Pulse
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drawn to fit the functional form suggested by theoretical
considerations discussed in Section 5.4
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the solid curve for the perfect coating threshold and the dashed curve for the prac-
tical threshold. These curves are simple fiis to the data and do not represent any
theoretically derived functional form. The decrease between 130 and 197 um should
be taken into account when comparing the mode-locked and Q-switched data.

4.6 Pulse Duration Dependence of Mirror Damage Thresholde

Even allowing for possible 25 percent redactions of the Q-switched damage
thresholds in Table 2 if the measurements had beer miade with a 197-um beam
diameter as the 20-psec measurements were, h. 23-nsec values are from ten to
thirty times higher than the 20-psec erergy deneity thresholds. Figu.e 25 {llustrates
this general observation with tre results fron mirrors A-1and A-4. Inthis plot no
adjustment for peam diameter dependence has been made since the size oi such a
correction could only be inferred from measurements on a different mirror. It is
likely, however, that the Q-switched values should be recorded at a somewhat
lower energy density. In this figure the functional form of the curves is suggested
by theoretical considerations discussed in Section 5. 4.

4.7 Accuracy and Reproducibility
4.7.1 EXPERIMENTAL ERRORS

For the Q-switched pulse data random errors in energy measurement and
beam size determination can lead to uncertalnties of plus or minus 10 percent in
on-axis energy density measurements for single data points. As seen in Figure 20,
however, either type of threshold can be determined to within about 5 percent for
gome of the mirrors.

For the mode-locked experiments, the uncertainties are somewhat larger
because energy measurement is more difficult and there are small deviations from
a true Gaussian energy density profile. Random errors in cn-axis energy density
for a single pulse may be 28 high as plus or minus 25 percent in this case. Again,
however, threshold values are generally more accurately determined, as in
Figure 22 where a reasonable estimate of uncertainty in threshold determination 8
plus or minus 10 percent.

In addition to the typcs of random error noted above, systematic error due to
miscalibration of the energy measuring instruments must be expected. Readings
from the calorimeter and radiometer, instruments which operate on entirely dif-
ferent physical principles, agree within 20 percent on the absolute value of the
energy eaching the sample in the nisde-locked experiments, suggesting that this
error may be up to but probably does not exceed 20 percent for a given radiometer
or calorimeter of the type used in this work.
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4.7.2 MIRROR VARIATIONS

It {s important to observe that ordering ten mirrors coated with specified
dielectric materials from a particular manufacturer does not guarantee that ten
ideatical mirrors will be delivered. The thresholds recorded in Table 2 for
mirrors A-1, A-4, and A-6 and C-4 and C-7 {llustrate the point. Decisions
concerning the relative capabilities of several manufacturers should not be based
on the performance of a single mirror.

3. POSS{BLE DAMAGE MECH A MSMS

5.0 'niform Linear Aborpiion

Sufficient lincar absorption in a coating can heat the film to its melting point.
tlowever, the thermal time constants for conduction losses from the irradiated
spot on the film, either radially or into the subgtrate, arc expected to be long
compared with both pulee durations. Thus, a vuiform linear absorption model
predicts the same cnergy density threshold over the whole pulse duration range
and over the range of beam diameters tested as well. Neither prediction egrees
with the experimental results An additional observation is that generally the
damage looks more like cracking than melting. Of course, thermal expansion
resulting from linear absorption heating can cauge fractures too, but for this
process the inaximum induceu etress occurs at 1. 3 times the Gaussfan beam
diaineter (the siress at radius r {s proportional to the difference between the
utrain at r due to expansion of the material at smaller rad'y and the strain which

would have occurred at r solely due to the local temperat.re {ncrease (liliss, 1970)).

The damage sites produced near the threshold cnergy density are consistently
smaller than this.

3.2 Local Defects

There is no doubt that small scale local defects can account for some of the
damage features reported here. Figures 12 and 14 are examples of pits believed
to be caused by the explosion of small absorption centers. It is likely that for
mirrors exhibiting a large difference betw: en the practical damage threshold and
the perfect coating threshold, small absorbing centers are causing the low level
damage. Possible defects include dirt, incompletely oxidized coating material,
or some other form of nonuniform deposition. The decrease of practical threshold
with increasing beam diameter may be related to the increased likelihood of find~
ing a defect with a large beam. For some mirrors, E-1 for example, the density
of small local defects is so high that each one may provide the nucleus for a
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small damage site, and many such small sites may make up the overall damage
pattern.

5.3 Surface Plasma

On most shots which cause detectable damage a spark can be seen at the
damage site. Whena spark i8 not seen on damaging shots, the damage is small
and the spark may just be too weak to be detectable by an observer looking through
protective goggles. In any event, we believe the spark accompanies the principal
damage event (Giuliano, 1972) rather than causing it, although the large area
which is seen to have been affected when the coating is fogged may be an indication
of some secondary plasma effect (Boling, 1972).

5.4 Electron Avalanche

Two conditions must be satisfied to cause da.1age by electron avalanche (Bliss,
1870). First, the intensity must be high enough that conduction electrons gain
energy from the laser radiation faster than they lose it to the lattice. Second, the
laser energy density must be high enough to create a critical number of conduction
electrons within the duration of the pulse. Therefore, for very short duration
pulses the limiting quantity is energy density while for long pulses it is intensity.
The straight line segments of the curves in Figure 25 are drawn through the data
points with the appropriate pulse duration dependence to give constant energy
density and constant intensity thresholds.

If this mechanism is operating for the 20-psec pulse damage, the intensity
criterion is exceeded by a factor of about fifty, meaning that the electrons gain
energy from the field much faster than they can transfer it to the lattice leaving
many of the electrons to lose their energy to the lattice after the lager pulse has
ceased. For the 20-nsec, pulses, on the other hand, the transfer of energy to the
lattice proceeds essentially instantaneously on the time scale of the pulse, and the
physical destruction of the coatings probably starts before the pulse is over. This
basic difference in timing may have something to do with the tendency for sites
damaged by Q-switched pulses to be larger than expected, that is, there may be
c¢nough energy transmitted to larger radii by electron diffusion, acoustic propaga-
tion, or some other means during the pulse that less lager intensity is required to
cause damage there.

If the main effect of conduction electrons is to heat the lattice, then the stress
induced by thermal expansion could damage the coatings as described in Section 5. 1.
But now the amount of heating at a particular point on the mirror is proportional to
the electron density there, not just the local laser energy density, so spots much
smaller than 1.3 times the Gaussian diameter are expected near threshold. This is
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because the number of electrons created in an avalanche p;'ocesn increases
exponential'y with some power of the electric field (Bliss, 1970) giving an
electron distribution that fails much more steeply with increasing radius than
the laser intensity profile.

The dependence of threshold on beam diameter is qualitatively what is pre-
dicted by a probability formulation of electron avalanche theory (Bass and Barrett,
1872), namely that the probability for finding "lucky electrons" increases and the
intensity needed to achieve a given probability for damage decreases for larger
beams.

Some of the arguments in Section 5. 4 are admittedly speculative. Further
work is necessary to put the discussion on firmer ground.
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